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Following intracellular replication, the apicomplexan
parasites Plasmodium falciparum and Toxoplasma
gondii cause host cell cytolysis to facilitate parasite
release and disease progression. Parasite exit from
infected cells requires the interplay of parasite-
derived proteins and host actin cytoskeletal
changes; however, the host proteins underlying
these changes remain obscure. We report the identi-
fication of a Gaq-coupled host-signaling cascade
required for the egress of both P. falciparum and
T. gondii. Gaq-coupled signaling results in protein
kinase C (PKC)-mediated loss of the host cytoskel-
etal protein adducin and weakening of the cellular
cytoskeleton. This cytoskeletal compromise induces
catastrophic Ca2+ influx mediated by the mechano-
sensitive cation channel TRPC6, which activates
host calpain that proteolyzes the host cytoskeleton
allowing parasite release. Reinforcing the feasibility
of targeting host proteins as an antiparasitic
strategy, mammalian PKC inhibitors demonstrated
activity in murine models of malaria and toxoplas-
mosis. Importantly, an orally bioavailable PKC inhib-
itor prolonged survival in an experimental cerebral
malaria model.
INTRODUCTION
The protozoan parasites Plasmodium falciparum and Toxo-
plasma gondii cause significant morbidity and mortality world-
wide. Plasmodium species collectively cause over 500 million
clinical cases of malaria per year, which result in approximately
one million deaths (Hay et al., 2009), while the related apicom-
plexan parasite (T. gondii) infects over 30% of the world’s popu-
lation (Weiss and Dubey, 2009). Following host cell invasion,
these intracellular parasites initiate a lytic cycle within human
hosts, in which they grow and replicate in a specialized para-
sitophorous vacuole (PV) prior to host cell cytolysis at 48 hr
postinvasion (hpi; Joiner et al., 1994). The PV and host mem-Cell Hbranes are destroyed upon cytolysis and parasite release, which
results in infection of new host cells and continuation of the intra-
cellular cycle. The molecular details governing parasite-medi-
ated cytolysis are incompletely understood, and the elucidation
of this pathway may provide drug targets since parasites trap-
ped in the host cell cannot proliferate (Chandramohanadas
et al., 2009; Dvorin et al., 2010; Kafsack et al., 2009).
Parasite-induced host cell cytolysis has been suggested to be
a two-step, Ca2+-dependent process (Salmon et al., 2001; Wick-
ham et al., 2003) requiring both host cell ion loss (Moudy et al.,
2001) and increased membrane poration (Abkarian et al., 2011;
Glushakova et al., 2010). Recent reports implicate the activity
of parasite-derived proteins including a perforin-like protein (Kaf-
sack et al., 2009), a kinase (Dvorin et al., 2010), and proteases
(Arastu-Kapur et al., 2008; Yeoh et al., 2007), though reports of
host protein contribution to this process are limited. We have
recently shown that the host-derived protease calpain is
required for exit of both P. falciparum and T. gondii and functions
to proteolyze the actin cytoskeleton just prior to cytolysis (Chan-
dramohanadas et al., 2009; Millholland et al., 2011). Further-
more, we have recently shown calpain-independent loss of
adducin from the host erythrocyte actin cytoskeleton prior to
P. falciparum exit (Millholland et al., 2011). Given the temporal
separation of these striking changes to the host cytoskeleton
during the last phase of the intracellular cycle, we hypothesized
that a complex host pathway may connect these changes and
result in the disintegration of the host plasma membrane. Identi-
fication of host proteins necessary for parasite infection may
offer an untapped resource of antiparasitic targets.
RESULTS
Host RNAi Screen Reveals a Pathway Necessary
for T. gondii-Mediated Cytolysis
To identify host genes essential for parasite-mediated cytolysis,
we performed an RNAi screen in U2OS cells (highly transfectable
T. gondii host cells) focused on canonical Ca2+-signaling compo-
nents, given our earlier studies that implicated host calpain in
T. gondii and P. falciparum exit (Chandramohanadas et al.,
2009; Millholland et al., 2011). To circumvent the potential for
functional redundancy between host gene isoforms, we tested
pooled small interfering RNAs (siRNAs) for simultaneousost & Microbe 13, 15–28, January 16, 2013 ª2013 Elsevier Inc. 15
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Figure 1. siRNA Screen Identifies Signaling Components Required for T. gondii-Mediated Cytolysis
(A) Model of host siRNA screen for mediators of parasite-induced cytolysis. Defects in T. gondii-mediated cytolysis are scored at 60 hpi. Parasites unable to exit
persist as vacuoles with >64 parasites, while parasites able to exit host cells reinvade new cells.
(B) Primary siRNA screen in U2OS cells. Unruptured vacuoles (intact vacuoles with >64 parasites) are compared at 44 and 60 hpi to identify host gene involvement
in parasite release (*p < 0.05; **p < 0.01). Data shown are mean unruptured vacuoles per field ± SEM.
(legend continued on next page)
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Host Network for Apicomplexan Parasite Exitknockdown of gene families as well as individual genes present
in both U2OS cells and erythrocytes. This primary screen
included 45 individual-gene knockdowns and 11 multi-isoform
knockdowns (Table S1, sheets 1 and 2). Pooled siRNAs (three
siRNAs/gene) were arrayed in quadruplicate, reverse transfected
into U2OS cells, and infected 24 hr posttransfection with trans-
genic T. gondii tachyzoites (moi of 0.1) that constitutively secrete
GFP into the PV space, allowing for facile identification of para-
site doublings as a function of life cycle progression (P30-GFP;
Figure 1A; Figure S1 available online) (Striepen et al., 1998).
siRNAs against calpain small subunit 1 (capns1) and a scrambled
oligo (Scr) were included as positive and negative controls,
respectively. Knockdown efficiency was maximal at 72 hr post-
transfection, which corresponded with parasite-mediated cytol-
ysis in this cell type (50 hpi). Following synchronous T. gondii
infection (Kafsack et al., 2004), plates were fixed and imaged at
6, 24, 44, or 60 hpi to assess parasite life cycle progression
through cytolysis. Genes involved in parasite-mediated cytolysis
showed an accumulation of PVs containing >64 parasites at
60 hpi upon knockdown (Z score of +1.5, p < 0.05), 10 hr after
host cell rupture typically occurs in this cell type.
From this screen, we initially identified five gene families
whose knockdown blocked parasite-mediated host cell cytol-
ysis: calmodulin (CaM), Ca2+/calmodulin-dependent kinases
(CaMK), Ga subunits (Ga), phospholipase C (PLC), and protein
kinase C (PKC) (Figure 1B). To deconvolute the specific genes
required for parasite-mediated cytolysis from these gene family
hits, we tested two unique siRNAs targeting individual and pairs
of genes (Figure 1C; Table S1, sheet 3). We determined that
single knockdown of gnaq (p < 0.002) and knockdown of the
gene pairs prkca/prkcb (p < 0.002), plcb1/plcg1 (p < 0.002),
calm1/calm2 (p < 0.05), and camk1/camk2a (p < 0.05) showed
a statistically significant and correlated accumulation of unrup-
tured PVs at 60 hpi (r = 0.91; Figure 1D). Stable small hairpin
RNA (shRNA)-mediated knockdown of these genes had no
effect on parasite doublings, reinforcing their function in cytol-
ysis rather than parasite replication (Figure 1E). shRNA knock-
down efficiency using multiple oligos was measured by western
blot analysis of total protein as compared to scr (Figure 1F).
Representative images are shown for shRNA knockdown cell
lines that resulted in an accumulation of unruptured PVs in
comparison to controls (scr) or negatives (prkaca/prkacb) that
show newly reinvaded parasites at 60 hpi (Figure 1G).
Immunodepletion Studies Indicate that Conserved Host
Proteins Function in P. falciparum-Mediated Cytolysis
We next investigated whether the protein products of the
validated gene hits in T. gondii functioned similarly in
P. falciparum-induced erythrocyte cytolysis via antibody-
mediated depletion studies. To do this, erythrocytes were
hypotonically lysed prior to incubation with target antibodies
preconjugated to sepharose beads. Removal of the target(C) Secondary screen utilizing multiple oligos validates individual host genes and
by 60 hpi. Data shown are mean unruptured vacuoles per field ± SEM.
(D) Pearson correlation graph indicates strong relation between siRNA oligos (r =
(E) Measurements of parasite doublings within stable shRNA knockdown cell lin
(F) Western blot analysis confirms shRNA-mediated stable knockdown of target
(G) Representative images of P30-GFP vacuoles in stable knockdown cell lines a
Cell Hprotein-antibody conjugates was achieved via centrifugation,
andmanipulated erythrocytes were hypertonically resealed prior
to P. falciparum infection. Efficiency of target protein immunode-
pletion in erythrocytes was determined by western blot, and only
immunodepletions showing >80% knockdown were further
analyzed (Figure 2A; Chandramohanadas et al., 2009). Synchro-
nous P. falciparum parasites were assessed for life cycle pro-
gression by Giemsa smear (Figure 2B) and flow cytometry of
DNA content (Figure 2C; Figure S2) to distinguish blocked multi-
nucleated schizonts from newly invaded, ring-form parasites
with a single nucleus. Immunodepletion of Gaq, PLCb1, CaM-
1, or the simultaneous immunodepletion of both PKCa and
PKCb resulted in an accumulation of schizont-stage parasites
and a lack of newly invaded rings at 60 hpi, indicating a block
in parasite-mediated cytolysis and corroborating the results of
our RNAi screen in T. gondii host cells. To assess parasite
viability, trapped parasites were mechanically released from
depleted host cells and assessed for their invasive capacity via
flow cytometric quantitation of mononuclear ring-stage para-
sites 12 hr following mechanical release (Figure 2D). Parasites
trapped within erythrocytes were able to recover invasive
capacity upon needle shearing only up to 54 hpi, indicating that
parasite death likely occurs following 6 hr of blocked cytolysis.
Host PKC Is Activated during Schizogony to Remove
Adducin from the Host Cytoskeleton
As PKC is a major downstream effector of Gaq-coupled GPCR
signaling via PLC-mediated generation of diacylglycerol (DAG;
Castagna et al., 1982; Rhee et al., 1989) and PKC inhibitors
showed potent antiparasitic activity and the ability to block para-
site-mediated cytolysis in vitro (Figure S3A), we were interested
in understanding the role of this critical host enzyme in parasite
life cycle progression. To measure host PKC activity during the
P. falciparum life cycle, we generated a transgenic P. falciparum
line that secretes a FRET-based PKC activity indicator (CKAR;
Violin et al., 2003) into the infected erythrocyte cytoplasm
(3D7-CKAR) via expression of a chimeric construct with an
N-terminal signal peptide and Plasmodium export element
(PEXEL) motif (Gallegos et al., 2006; Hiller et al., 2004; Marti
et al., 2004). Figure 3A displays the specificity of the CKAR
reporter for PKC activity with representative positive control
FRET images (maximal FRET signal) of 3D7-CKAR-infected
erythrocytes treated with the PKC agonist phorbol myristate
acetate (PMA) and negative control images (minimal FRET
signal) upon treatment with the PKC inhibitor Go¨6976 or PKC im-
munodepletion prior to infection. As with any protein present in
the erythrocyte cytoplasm, a significant amount of CKAR was
taken up into the parasite digestive vacuole, causing an intense
CKAR FRET signal within this organelle likely due to intermolec-
ular FRET. In order to account for this artifact in our measure-
ments of host PKC activity, 3D7-CKAR parasites were removed
from their host cells and intracellular FRET signal was quantifiedgene pairs whose knockdown resulted in accumulation of unruptured vacuoles
0.91).
es.
proteins, as compared to Scr oligo.
t 44 and 60 hpi. Also see Figure S1 and Table S1.
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Figure 2. Conserved Function of Host Proteins in P. falciparum-Mediated Cytolysis
(A) Immunodepletion studies of soluble erythrocyte protein hits confirmed by western blot (M, mock; ID, immunodepletion; IP, elution of target protein immu-
noprecipitation).
(B) Representative Giemsa images following immunodepletion of host Gaq, PLCb1, PKCa/PKCb, and CaM-1 results in persistence of schizont-stage parasites by
60 hpi versus mock or PKAa/PKAbcat depletion, which resulted in exit and reinvasion by 60 hpi.
(C) Flow cytometric quantitation of schizont-stage (left) and ring-stage (right) parasites in depleted erythrocytes. Data shown are means of at least three
experiments ± SEM (**p < 0.01).
(D) Ring parasitemia assessed 12 hr following needle shearing of infected and depleted erythrocytes at the times indicated (ND, not determined; **p < 0.01;
*p < 0.05). Data shown are means of at least three experiments ± SEM. Also see Figure S2.
Cell Host & Microbe
Host Network for Apicomplexan Parasite Exit
18 Cell Host & Microbe 13, 15–28, January 16, 2013 ª2013 Elsevier Inc.
Cell Host & Microbe
Host Network for Apicomplexan Parasite Exitto assess this background signal within the digestive vacuole
(Figure S3C). By FRET microscopy (Figure 3B) and back-
ground-corrected fluorometry to remove digestive vacuole
signal (Figure 3C), we show limited host PKC activity throughout
the ring and trophozoite stages (0–25 hpi) with a sharp increase
during schizogony (30–40 hpi). Immunodepletion of Gaq or
PLCb1 ablates PKC activity during the entire infectious cycle, re-
inforcing the importance of the host Gaq signaling pathway
upstream of PKC activation (Figure S3D). PMA restored PKC
activity in these parasite-infected erythrocytes depleted of
signaling components and also rescued the associated exit
defect (Figure S3E), further indicating a critical role for host
PKC. PKC activity-reporter cell lines were also generated via
stable expression of CKAR in U2OS host cells prior to T. gondii
infection. The CKAR signal output throughout the T. gondii life
cycle in these reporter U2OS cells largely mirrored the results
obtained in P. falciparum, with maximal FRET signal occurring
in the last third of the intracellular life cycle (Figures 3D–3F).
Knockdown of host gnaq or plcb1/plcg1 ablates PKC activity,
but this activity was restored by the PKC agonist PMA (Figures
S3H and S3I).
We have previously shown that the host cytoskeletal protein
adducin is lost from the erythrocyte actin cytoskeleton at
35 hpi of P. falciparum in a calpain-independent manner
(Millholland et al., 2011). As adducin cytoskeletal association is
regulated by the PKC-mediated phosphorylation of residues
S716/S726 (Matsuoka et al., 1996), we assessed PKC depletion
on host adducin cytoskeletal association during parasite infec-
tion. Western blot and immunofluorescence analysis of host
cytoskeletal fractions confirms adducin disappearance from
both P. falciparum-infected erythrocytes (Figure 3G, top; Fig-
ure S3F) and T. gondii-infected U2OS cells late in the intracellular
cycle (Figure 3H, top; Figure S3G). However, PKCa/PKCb immu-
nodepletion from erythrocytes (Figure 3G, bottom) or shRNA
knockdown in U2OS cells (Figure 3H, bottom) abrogates this
loss and maintains adducin cytoskeletal association through
the end of both parasite life cycles. The S716/S726 phosphory-
lated adducin species (p-adducin) accumulates in mock-treated
cells in the last third of the life cycle by western blot while the
unphosphorylated form is lost from cytoskeletal fractions, unless
PKCa/PKCb is depleted from host cells. Gaq or PLCb1 immuno-
depletion from erythrocytes (Figure S3F) or knockdown in U2OS
cells (Figure S3G) also caused adducin persistence within the
host cytoskeleton, highlighting the function of this upstream
cascade.
In order to examine the effect of adducin persistence on
T. gondii life cycle progression, we overexpressed the PKC
phosphomutant adducin (S716A/S726A; Matsuoka et al., 1998)
as well as wild-type adducin in host A549 cells. S716A/S726A
adducin expression resulted in minimal phosphorylation by
western blot upon T. gondii infection (Figure 3I), while wild-
type adducin overexpressors show an abundance of p-adducin.
Similar to PKCa/PKCb stable knockdown, S716A/S726A addu-
cin expression resulted in the persistence of enlarged vacuoles
by 60 hpi (Figures 3J and 3K), with no effect on parasite replica-
tion (Figure 3L), suggesting that PKC-induced adducin loss
directly mediates host cell cytolysis. Tachyzoites trapped within
host cells show reduced viability following 18–24 hr of blocked
cytolysis within host cells expressing the adducin phosphomu-Cell Htant S716A/S726A, similar to PKC inhibition or knockdown (Fig-
ure S3B), highlighting the feasibility of targeting this phase of the
parasite life cycle as an antiparasitic strategy.
Host Signaling Cascade Is Required for Calpain-
Mediated Cytoskeletal Proteolysis
Host calpain activation has been shown to result in cytoskeletal
proteolysis necessary for parasite exit (Chandramohanadas
et al., 2009; Millholland et al., 2011). We thus assessed calpain
activation following immunodepletion of signaling components
from erythrocytes using an activity-based probe for cysteine
proteases, DCG-04 (Figure 4A; Greenbaum et al., 2000). Similar
to positive control calpain-immunodepleted erythrocytes, host
cells lacking PKCa/PKAb, PLCb1, or Gaq show no active calpain
labeling at the conclusion of the parasite intracellular cycle, sug-
gesting that these proteins function upstream of host calpain in
the signaling cascade. Negative control cells, which were immu-
nodepleted of PKAa/PKAb, show labeling of active calpain at the
conclusion of the parasite intracellular cycle. CaM-1 immunode-
pletion resulted in diminished calpain activation, indicating that
CaM-1 may facilitate this process. As a corollary to calpain acti-
vation, we examined spectrin cleavage via western blot, a key
calpain substrate. Immunodepletion of pathway components
abrogates spectrin proteolysis in P. falciparum-infected erythro-
cytes at 50 hpi, while PKAa/PKAb-immunodepleted cells show
multiple spectrin fragments (Figure 4B). Interestingly, in vitro
incubation of U2OS cell membrane fractions with activated
CaMKII prior to incubation with calpain resulted in multiple
spectrin cleavage products (Figure 4C), suggesting that CaMKII
phosphorylation of cytoskeletal substrates may enhance cal-
pain-mediated proteolysis. CaMKII activation is shown by
CaM-1 coimmunoprecipitation and autophosphorylation by
p-CaMKII western blot analysis near the end of the T. gondii
life cycle (Figure 4D), suggesting that host CaMKII activity may
enhance cytoskeletal proteolysis to facilitate parasite release.
Analysis of Host Ca2+ Dynamics Implicates TRPC6 in
Ca2+ Influx
Finally, we determined changes in host [Ca2+] that drive this
network. To assess erythrocyte [Ca2+] during P. falciparum
infection, we confined a Ca2+ indicator to the erythrocyte space
via loading of a fura-2-dextran conjugate. Within the U2OS
cell cytoplasm during T. gondii infection, Ca2+ measurements
were achieved via expression of the ratiometric FRET-based
Ca2+ indicator yellow cameleon 3.6 (YC3.6) in U2OS cells (Nagai
et al., 2004; Palmer and Tsien, 2006). By microscopy and back-
ground-corrected fluorometry (Figures 5A and 5B), we show the
relative changes in host cell [Ca2+] to be similar between both
parasite systems, with host [Ca2+] hovering near resting levels
(100 nM) throughout the first two-thirds of the life cycle, followed
by a sharp increase in [Ca2+] at the point of parasite release.
Given the large [Ca2+] increase seen in both T. gondii and
P. falciparum host cells, we further hypothesized that host
plasma membrane cation channels play a role in this influx.
siRNA-mediated knockdown studies of mechanosensitive tran-
sient receptor potential (TRP) channels (trpc1, trpc3, trpc6) as
well as canonical endoplasmic reticulum Ca2+ pumps (ryr3,
ip3r1) identified TRPC6 as a specific mediator of T. gondii exit,
as trpc6 knockdown resulted in an accumulation of unrupturedost & Microbe 13, 15–28, January 16, 2013 ª2013 Elsevier Inc. 19
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Figure 3. Host PKC Is Activated Late in the Parasite Intracellular Cycle and Abrogates Host Adducin Cytoskeletal Association
(A–C) Assessment of host PKC activity through imaging and fluorometry of 3D7-CKAR P. falciparum parasites. (A) Representative control FRET images at 35 hpi.
Positive control, 100 nM PMA; negative controls, PKCa/PKCb depletion or 500 nM Go¨6976. (B) Representative FRET images through the P. falciparum
(legend continued on next page)
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Host Network for Apicomplexan Parasite Exitvacuoles by 60 hpi (p < 0.05; Figures 5C and 5D). Trpc6 knock-
down usingmultiple siRNA oligos abrogated the large increase in
cytoplasmic [Ca2+], while ip3r1 knockdown diminished the initial
minor increase in [Ca2+] observed earlier in T. gondii infection,
indicating that PLC activity and generation of IP3may be respon-
sible for the minor increase in [Ca2+] seen only in T. gondii-
infected cells (Figure 5E).
Pharmacological studies in P. falciparum-infected erythro-
cytes confirmed the importance of mechanosensitive cation
channel function in parasite-mediated cytolysis (Figure S4A).
[Ca2+] diminished in cells depleted of Gaq, PLCb, or PKCa/
PKCb (Figures S4B and S4C), but was rescued by PKC activa-
tion with PMA in cells depleted of Gaq or PLCb, indicating that
PKC activity facilitates later Ca2+ influx, perhaps via adducing
phosphorylation and loss. PMA could not rescue Ca2+ influx in
cells depleted of PKCa/PKCb, further confirming the necessity
of PKC activity for this process. Taken together, these data high-
light the importance of TRPC6-mediated cation influx in host cell
cytolysis, perhaps as a mechanosensitive response to cytoskel-
etal rearrangement.
Mammalian PKC Inhibitor Demonstrates Antiparasitic
Activity In Vivo
In order to assess the importance of this signaling cascade in
parasitic disease progression, we endeavored to test inhibition
of this cascade on parasite burden in vivo. Given that PKC has
been targeted for drug development efforts in multiple disease
contexts from cancer to transplant rejection, and there are no
known orthologs of the classical PKC enzymes in apicomplexan
genomes, we undertook studies of known PKC inhibitors in
murine models of malaria and toxoplasmosis. Intravenous injec-
tion of 10 mg/kg Go¨6976, an inhibitor of classical mammalian
PKC enzymes, caused a significant decrease in parasitemia in
a mouse P. yoelii malaria model in the classic Peter’s 4-day
suppressive test (Figure 6A). Similarly, intraperitoneal injection
of 10 mg/kg Go¨6976 limited T. gondii parasite burden in both
the spleen (p < 0.0001; Figure 6B, top) and peritoneal exudate
cells (p < 0.0001; Figure 6B, bottom). The consistency in antipar-
asitic activity in vivo further suggests the importance of host PKC
function in both parasitic infections and underscores the
conserved function of this host signaling pathway.
As further corroboration of the central role of host PKC in
severe malaria, we undertook studies of the orally bioavailableintracellular cycle. (C) CFP/YFP FRET fluorometry as a measurement of host PKC
of at least three experiments ± SEM (**p < 0.01).
(D–F) Assessment of host PKC activity through imaging and fluorometry of T. g
control FRET images at five parasite divisions. Positive control, 100 nMPMA; nega
FRET images through the T. gondii intracellular cycle. (F) CFP/YFP FRET fluorome
shown are mean fluorescence of at least three experiments ± SEM (**p < 0.01).
(G) Western blot analysis of erythrocyte cytoskeletal fraction through P. falcip
PKCa/PKCb (bottom). Loading control, actin.
(H) Western blot analysis of U2OS cytoskeletal fraction through T. gondii cycle
Loading control, actin.
(I) Western blot analysis of A549 cytoskeletal fractions upon adducin mutant
prkca/prkcb stable knockdown. Add1+, adducin overexpression; S716A/S726A,
(J) Representative 60 hpi images of T. gondii vacuoles at 60 hpi following host c
(K) Quantitation of unruptured vacuoles at 60 versus 44 hpi following host cell ma
(**p < 0.01).
(L) Parasite doublings throughout life cycle following host cell manipulation as in
Cell Hspecific PKC inhibitor sotrastaurin in a mouse model of experi-
mental cerebral malaria (Figures 6C and 6D). This inhibitor has
passed phase I trials and is undergoing phase II trials for
numerous indications (Budde et al., 2010; Friman et al., 2011;
Wagner et al., 2009), underscoring its potential as an antimalarial
drug candidate. Injection of 50mg/kgby gastric gavage in a stan-
dard Peters’ 4-day suppressive test (Knight and Peters, 1980)led
to a significant decrease in P. berghei ANKA parasitemia
(p < 0.0001; Figure 6C) and significantly increased survival
versus vehicle-treated controls (p = 0.0029; Figure 6D). We
show direct translation of biological discovery to therapeutic
design: identification of this host signaling activity translates
directly to a drug discovery effort, as known inhibitors of exten-
sively-studied host PKC enzymes control parasitic disease
in vivo. Given the multitude of other active proteins within the
cascade, it is clear that the host mediators of parasite-induced
cytolysis identified in this study represent an untapped resource
of antiparasitic targets.
DISCUSSION
Host cell cytolysis was thought to be largely parasite mediated,
mainly due to increasing pressure on the host cell membrane and
cytoskeleton by the growing parasite body (Glushakova et al.,
2005, 2010). However, we have recently shown that complete
host calpain-mediated proteolysis of host cytoskeletal proteins
is necessary for parasite exit (Chandramohanadas et al., 2009;
Millholland et al., 2011). In this work we present a complex
host-derived signaling pathway that functions in parasite-medi-
ated cytolysis, suggesting that host cell cytolysis is a highly regu-
lated process requiring a complex interplay of host-derived
components.
As Gaq, PLC, and PKC converge in established GPCR
signaling networks, we hypothesized that GPCRs may play
a role in initiation of this host pathway. Considering that parasites
do not encode GPCRs, we suggest that a parasite-derived small
molecule ligand may signal to GPCRs of host origin through
direct interaction with the host cell membrane to mediate
signaling through Gaq. We found it striking that several parasite
metabolites peak during schizogony, especially the TCA cycle
intermediate alphaketoglutarate (aKG; Olszewski et al., 2009).
As aKG and other TCA cycle intermediates including succinate
have recently been shown to signal through Gaq-coupledactivity throughout the P. falciparum cycle. Data shown are mean fluorescence
ondii-infected U2OS cells expressing cytoplasmic CKAR. (D) Representative
tive controls, PKCa/PKCb knockdown and 500 nMGo¨6976. (E) Representative
try as a measurement of host PKC activity throughout the T. gondii cycle. Data
arum cycle in mock-treated erythrocytes (top) or erythrocytes depleted of
in mock-treated cells (top) or PKCa/PKCb-stable knockdown cells (bottom).
expression, following T. gondii infection at 44 hpi, compared to capns1 or
PKC phospho mutant adducin expression; loading control, actin.
ell manipulation as in (I).
nipulation as in (I). Data shown are means of at least four experiments ± SEM
(I). Also see Figure S3.
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Figure 4. Host Signaling Cascade Enhances Calpain-Mediated Cytoskeletal Proteolysis Just Prior to Parasite Exit
(A) DCG-04-labeling of active calpain in P. falciparum-infected erythrocyte fractions at 50 hpi in cells depleted of Gaq, PLCb1, PKCa/PKCb, and CaM-1 by
immunodepletion. Biotin blot confirms calpain activity upon labeling. Negative control, Calpain-1 depletion; positive control, PKAa/PKAb depletion; loading
control, actin.
(B) a-Spectrin cleavage by western blot at 50 hpi in erythrocyte cytoskeletal fractions following depletion of signaling components.
(C) a-Spectrin cleavage bywestern blot following in vitro incubation of U2OS cell cytoskeletal fractions with activated CaMKII prior to incubationwith recombinant
human calpain-1.
(D) Host CAMKII/calmodulin-1 coimmunoprecipitation through the T. gondii life cycle and presence of p-CAMKII (the activated form) by western blot.
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Host Network for Apicomplexan Parasite ExitGPCRs, such as oxoglutarate receptor 1 (oxgr1) and succinate
receptor 1 (sucnr1) (He et al., 2004; Qi et al., 2004), we undertook
knockdown studies to assess their contribution to host cell cytol-
ysis. We observed a delay in T. gondii exit from cells depleted of
both GPCRs (Figures S5A and S5B). Furthermore, a mixture of
exogenous aKG/succinate initiated a hastening of T. gondii
exit (Figure S5C) and induced premature lysis of P. falciparum
parasites leading to parasite death (Figure S5D). As parasites
rely on glucose fermentation for their energy needs, the require-
ment for oxidative phosphorylation in the parasite mitochondrion
has been widely disputed, though parasites express nearly all
TCA enzymes. aKG as well as other TCA cycle intermediates
have been shown to diffuse out as putative waste products (Ols-
zewski et al., 2010) due to a branched TCA pathway. We now
suggest that the diffusion of TCA metabolites and other small22 Cell Host & Microbe 13, 15–28, January 16, 2013 ª2013 Elsevier Imolecule GPCR ligands into the host cell space may serve to
induce a host cascade to facilitate parasite release.
We present amodel (Figure 7) in which parasite-derived GPCR
ligands result in overstimulation of host GPCRs following
diffusion from the parasite body into the PV space. These
GPCRs engage a Gaq-mediated signaling pathway converging
on PKC activation that results in the complete loss of a key cyto-
skeletal component and leads to pathological Ca2+ influx
through mechanosensitive plasma membrane TRP channels.
Ca2+-charged host CaM activates CaMK, which in turn phos-
phorylates cytoskeletal substrates, increasing their propensity
for calpain-mediated proteolysis. Increasing cytoplasmic [Ca2+]
induces global calpain activation, which results in the proteolysis
of various substrates, and in turn causes the loss of host cell
plasma membrane integrity to allow for parasite release.nc.
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Figure 5. Host [Ca2+] Increases throughout the Last Third of the Intracellular Cycle in a TRPC6-Dependent Manner
(A) Representative images of erythrocytes loaded with fura-2-dextran prior to challenge with synchronous P. falciparum parasites (left). [Ca2+] as a function of
340 nm/380 nm emission ratio (right). Data shown are mean calcium measurements of at least three experiments ± SEM.
(B) Representative images of T. gondii-infected U2OS cells expressing YC3.6 (left). [Ca2+] as a function of CFP/YFP FRET (right). Data shown are mean Ca2+
measurements of at least three experiments ± SEM.
(C) Representative images at 44 and 60 hpi of siRNA-mediated knockdown of cation channels prior to T. gondii infection. Positive control, Capns1; negative
control, scr oligo. Data shown are mean unruptured vacuoles per field ± SEM (*p < 0.05; **p < 0.01).
(D) Quantitation at 44 and 60 hpi of siRNA-mediated knockdown of cation channels prior to T. gondii infection. Positive control, Capns1; negative control, scr
oligo. Data shown are mean unruptured vacuoles per field ± SEM (*p < 0.05; **p < 0.01).
(E) Representative images (left) and [Ca2+] measurements as a function of CFP/YFP FRET (right) at 5 T. gondii divisions (35 hpi) following siRNA-mediated
knockdown of cation channels in U2OS cells expressing YC3.6. Data shown are mean Ca2+ measurements ± SEM. Also see Figure S4.
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Figure 6. Mammalian PKC Inhibitors Show Antiparasitic Activity In Vivo
(A) P. yoelii parasitemia quantified via Giemsa tail vein blood smear upon intravenous injection of 10 mg/kg Go¨6976 once daily for 4 days. (n = 10; ***p < 0.001).
(B) T. gondii parasite burden in cells from the spleen (top) and peritoneal cavity (PECS; bottom) upon intraperitoneal injection of 10 mg/kg Go¨6976, quantified
by flow cytometry. Plots shown are gated on single, live cells by FSC and SSC. (n = 15 for all conditions; ***p < 0.0001).
(C) P. berghei ANKA parasitemia quantified via Giemsa tail vein blood smear upon 50mg/kg sotrastaurin treatment via gastric gavage once daily for 4 days. (n = 7
for all conditions; ***p < 0.0001). Shown are mean parasitemias ± SEM.
(D) Survival curves following sotrastaurin treatment using the standard Mantel-Cox log rank test (**p = 0.0029).
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Host Network for Apicomplexan Parasite ExitPKC and calpain play key roles within this cascade, a partner-
ship that has been underscored in other human pathologies
related to GPCR overstimulation, including glutamate neuro-
excitotoxicity and postmyocardial infarction cell death. PKC24 Cell Host & Microbe 13, 15–28, January 16, 2013 ª2013 Elsevier Idownregulation has been shown to protect against glutamate
neurotoxicity (Ahlemeyer et al., 2002; Favaron et al., 1990; Ha-
sham et al., 1997), while calpain inhibition has been shown to
abrogate neuronal cell death (Witt et al., 1994) and block Ca2+nc.
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Figure 7. Model of Host GPCR-Mediated
Cytolysis
Parasite ligands, perhaps TCA cycle intermediates
generated during periods of high parasite repli-
cation, activate host GPCRs on the PV membrane
and initiate a signaling cascade through host Gaq.
PKC-mediated phosphorylation liberates adducin
from the host cell cytoskeleton, activating the
mechanosensitive plasma membrane cation
channel TRPC6. CaMKII-activation following Ca2+
influx mediates phosphorylation of cytoskeletal
substrates, which, upon rapid influx of Ca2+ from
the extracellular media, are proteolyzed by calpain
to allow for cytoskeletal dissolution and parasite
release. Also see Figure S5.
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Host Network for Apicomplexan Parasite Exitinflux (Weiss et al., 1990). Similarly, PKC and calpain are thought
to play a role in postmyocardial infarction ischemic cell death of
multiple tissues (Bright et al., 2004; Padanilam, 2001; Piccoletti
et al., 1992; Speechly-Dick et al., 1994), as inhibitors of these
enzymes offer protective effects (Bevers et al., 2009, 2010; Ko-
ponen et al., 2003; Neuhof et al., 2008; Wagey et al., 2001; Wei
et al., 2010). Though it is unclear whether the sequential activa-
tion of these enzymes is necessary for cell death in these disease
contexts, we suggest that PKC activity is an essential upstream
component of pathological calpain activation in the context of
parasite infection. Given the antiparasitic activity of PKC inhibi-
tors in mouse models of both toxoplasmosis and malaria, inhibi-
tion of multiple host proteins upstream of PKC activity will likely
limit parasite growth with low propensity for generation of resis-
tance in the field.
EXPERIMENTAL PROCEDURES
Immunodepletion and Loading of Erythrocytes
Erythrocyte ghosts were prepared by hypotonic lysis as previously described
utilizing 5 mM K2HPO4 at <4
C for 15 min (Chandramohanadas et al., 2009).Cell Host & Microbe 13, 15–2To immunodeplete target proteins, target anti-
bodies were preconjugated to Protein G-Sephar-
ose (Upstate/Millipore) following a titration to
achieve maximal immunodepletion (1–10 mg anti-
body per 106 erythrocytes). Conjugates were
incubated with ghosts for 3 hr on ice with gentle
mixing and repeated with fresh antibody-sephar-
ose conjugates up to three times. The slurry was
separated by centrifugation and followed by
another round of immunodepletion for cells immu-
nodepleted of multiple proteins. Ghosts were
resealed by gradual addition of 53 resealing
buffer (475 mM KOAc, 25 mM Na2HPO4, 25 mM
MgCl2, 237.5 mM KCl [pH 7.5]) over 1 hr at
37C. Parallel studies were carried out using
anti-PKAcat, and mock-treated erythrocytes
were incubated with G-Sepharose beads without
antibodies.
Analysis of Host Protein Function during
Parasite Exit from Immunodepleted
Erythrocytes
Resealed erythrocytes were prepared as
described above. Schizont stages were isolated
from 50 ml parasite culture by magnet purifica-
tion 40 hr after sorbitol synchronization and
added to mock-treated, PKCa/PKCb-depleted, PLCb1-depleted, calmod-
ulin-1-depleted, Gaq-depleted, or calpain-1-depleted erythrocytes to a final
hematocrit of 4%. Parasite progress through the intraerythrocytic cycle was
monitored by Giemsa smear. Schizont-stage parasites were followed to
assess egress and the establishment of rings in newly-infected erythrocytes
from 45–60 hpi. Flow cytometry was used for quantitative evaluation of
P. falciparum development. A total of 106 events were collected per sample
using an Accuri flow cytometer and analyzed using Accuri software with
gating to exclude debris (defined by scatter characteristics) and uninfected
erythrocytes (defined by low fluorescence). Rings and trophozoites were
distinguished from schizonts based on DNA content. Data are presented as
mean ± SEM; n = 4.
Mechanical Removal of P. falciparum from Erythrocytes
Needle shearing experiments were completed as previously described (Dvorin
et al., 2010) withmodifications. Parasites trappedwithin erythrocytes immuno-
depleted of calpain-1, PKCa/PKCb, PLCb1, or CaM-1 or negative control
mock-immunodepleted or PKAa/PKAbcat-immunodepleted erythrocytes
were plated in quadruplicate. At the indicated time point, cultures were
sheared by 20 strokes through a 28.5 gauge needle. Cultures were incubated
for an additional 12 hr, and ring-stage parasitemia was determined by Giemsa
smear microscopy and flow cytometry of DNA content. Data are presented as
mean ± SEM; n = 4.8, January 16, 2013 ª2013 Elsevier Inc. 25
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C57BL/6mice were infected with 2.53 104 P. berghei ANKA parasitized eryth-
rocytes via intravenous injection. Mice were dosed once per day by gastric
gavage for 4 days with either 50 mg/kg sotrastaurin (in 0.1% HCl in water;
n = 7) or vehicle control (n = 7). Parasitemias were determined on days 5
and 7 via Giemsa-stained blood smears. Mice were assessed for survival
through day 20. Statistical significance was determined using a two-tailed
Mann-Whitney U test. Experiments were performed at Johns Hopkins Univer-
sity (JHU) Bloomberg School of Public Health in accordance with the guide-
lines of the JHU Institutional Animal Care and Use Committees.
Western Blotting
U2OS cells or erythrocytes were fractionated using Triton X-100 prior to sepa-
ration by SDS-PAGE, transfer to PVDF membrane, and probing for target
proteins of interest using primary antibodies (Santa Cruz Biotechnology,
Inc., Abcam) and secondary antibodies conjugated to HRP (Sigma-Aldrich).
Monitoring Calpain Activation and Membrane Binding
Immunodepleted cells were prepared as above and challenged with syn-
chronous, magnet-purified schizont-stage parasites. Following 48 hr incuba-
tion, infected cells were incubated with DCG-04 (5 mM) and membrane
fractions were prepared from each sample by ultracentrifugation (2 hr at
200,000 3 g). Equal amounts of solubilized protein from each sample was
separated by SDS-PAGE, transferred to PVDF membrane, and probed for
biotin using streptavidin-HRP, revealing DCG-04 labeling of active calpain.
As a loading control, the samewestern blots were probedwith actin antibodies
(Santa Cruz Biotechnology, Inc.).
CaMKII Studies
U2OS cells were fractionated using Triton X-100. The cytoskeletal fraction was
incubated with 100 nM recombinant rat CAMKII (NEB) in 13 NEBuffer for
Protein Kinases supplemented with 200 mM ATP, 1.2 mM calmodulin, and
2 mM CaCl2 and incubated for 1 hr at 37
C. Recombinant human calpain
(100 nM; Biovision) was added to the mixture and incubated for 30 min at
37C. Each sample was then separated by SDS-PAGE, transferred to
a PVDF membrane, and probed for a-spectrin (primary a-spectrin antibody
was a gift fromDavid Speicher; anti-rabbit secondary antibody was purchased
from Sigma-Aldrich).
T. gondii Invasion, Replication, and Egress in Knockdown Cultures
Intracellular parasite growth was measured by counting the number of para-
sites per parasitophorous vacuole at 6, 24, and 44 hr postinfection (prior to
egress from the initial host cell). Confluent monolayers of 5 3 105 stable
knockdown host cells in 60 mm dishes were infected with 106 T. gondii para-
sites. At least 100 vacuoles were counted per time point. Data are presented as
mean ± SEM; n = 5.
siRNA Screen and shRNA Stable Knockdown Generation
Primary siRNA oligos were purchased from Santa Cruz Biotechnology, Inc.,
and oligos for follow up screens were purchased from Ambion. siRNAs were
added at a final concentration of 20 nM in 96-well plates and titrated to achieve
maximal knockdown by 72 hr posttransfection, along with 106 U2OS cells in
culture medium lacking phenol red. Reverse transfection was carried out using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
Transfected host cells were inoculated with 105 P30-GFP-expressing T. gondii
tachyzoites 24 hr posttransfection and followed throughout the intracellular
cycle to assess invasion, replication, and egress rates at 6, 24, 44, and
60 hpi. Data are presented in Figures 1B and 1C as mean number of unrup-
tured vacuoles at 60 hpi versus 44 hpi ± SEM; n = 4. siRNA knockdown was
confirmed via western blot of mirrored cultures utilizing validated antibodies
from Santa Cruz Biotechnology, Inc. Prior to isolation of clonal populations,
stable knockdown cell lines were generated following transfection with
HuSH shRNA plasmids (OriGene) encoding target shRNAs conjugated to
soluble cytoplasmic RFP to affirm knockdown and selection with puromycin
(1 mg/ml) for two passages. Double knockdown cells were generated utilizing
pRS expression vectors engineered to include a blasticidin selection marker
(OriGene) and selection with blasticidin. Following confirmation of knockdown
via western blot, cells were cultured in the absence of selection pressure.26 Cell Host & Microbe 13, 15–28, January 16, 2013 ª2013 Elsevier ICa2+ Studies
Erythrocytes were hypotonically lysed and loaded with 50 mM fura-2-dextran
prior to resealing and incubation with synchronous P. falciparum schizonts.
Parasites infecting fura-2-dextran-loaded erythrocytes were followed by fluo-
rescent microscopy and plate-based fluorometry throughout the life cycle to
assess host erythrocyte cytoplasmic [Ca2+] via the equation: [Ca2+] = Kd 3
Q (RRmin) / (RmaxR), where R represents the fluorescence intensity ratio
at 340 nm/380 nm excitation and emission at 510 nm. Data are presented as
mean fluorescence ± SEM; n = 3. Representative images are shown.
U2OS cells were transduced using the Premo Cameleon Calcium Sensor
(Life Technologies) according to manufacturer’s instructions to facilitate cyto-
plasmic expression of YC3.6 prior to synchronous T. gondii infection. Host
[Ca2+] was measured throughout the parasite life cycle via FRET microscopy
on a Leica DMI6000B and FRET-based fluorometry to assess [Ca2+] as a
function of the ratio of the emission measured at 480 nm (cyan fluorescent
protein, CFP) divided by the emission measured at 535 nm (yellow fluorescent
protein, YFP). Data are presented as mean fluorescence ± SEM; n = 3. Repre-
sentative images are shown.
CKAR Transfection and PKC Activity Measurement
CKAR plasmid (Addgene) was transfected into U2OS cells using Lipofect-
amine 2000 (Life Technologies) according to manufacturer’s instructions.
3D7-CKAR construct was generated via addition of a minimal export PEXEL
motif N terminus to CKAR (Marti et al., 2004; Hiller et al., 2004) following
PCR amplification from the CKAR plasmid. This was achieved via amplification
of the N terminus of the exported protein KAHRP (PF3D7_0202000) from cDNA
of asynchronous 3D7 parasite cultures and recombinationwith the CKARmotif
into the P. falciparum expression vector p-HHVPatt using MultiSite Gateway
(Marti et al., 2004). Constructs were transfected into the P. falciparum 3D7
line and selected using 10 nM WR99210 (an inhibitor of dihydrofolate reduc-
tase; Fidock and Wellems, 1997). 3D7-CKAR transgenic parasites and
T. gondii-infected U2OS cells expressing CKAR were cultured under standard
conditions and assessed for PKC activity via FRET-based fluorometry as
a function of YFP/CFP emission ratio and FRET imaging on a Leica
DMI6000B. Data are presented as mean ± SEM; n = 4. Representative images
are shown.
Statistical Analyses
We analyzed the statistical significance of unruptured vacuole persistence,
in vitro parasitemias, FRET-based signal for CKAR activity or YC3.6 Ca2+
studies, and fura-2 signal with a one-way ANOVA with Dunnett’s post hoc
test. In vivo mouse parasitemias were analyzed with one-tailed paired
Student’s t tests and mouse survival was analyzed using the log rank test.
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